The DC biased problem of the Epstein Frame-like core model is investigated by using the Harmonic Balance Finite Element Method (HBFEM). It considers coupling between the electric circuit and the magnetic field. The magnetizing current and its harmonic components can be calculated directly in the harmonic domain. Comparing the calculated results with the experimental data shows consistency. The DC bias effect on the harmonic components of the exciting current is analyzed directly with the distribution of the magnetic flux visually observed through the harmonic solutions.
I. INTRODUCTION
With the development of HVDC transmission systems, researchers and engineers have paid more attention to the DC biased problem in HVDC transformers. The HVDC system operates in a monopolar mode and uses the earth as a return path. This will lead to a potential difference between the two converting plants. The resulting electric potential difference generates a direct current that flows into the windings of HVDC transformers through earthed neutrals in the AC network. Another form of DC bias, Geomagnetically Induced Current (GIC) [1] , is caused by solar magnetic disturbances. The appearance of the DC in windings may damage the transformers and electric networks seriously.
Various methods have been used to investigate the DC biased phenomenon in HVDC transformers. The electric circuit model [2] and magnetic circuit model [3] were proposed by some reseachers to calculate the excitation current in winding, while the time-stepping finite element method [4] was used by many researchers to compute the magnetizing current and magnetic field. However, it is difficult to obtain accurate results from the electric and magnetic models (especially when magnetic field analysis is required to investigate the mechanism of the DC biased problem). The time-stepping finite element method is an effective method to calculate the transient magnetic field. However, accurate solutions of high order harmonics in the excitation current and flux density will reduce the effectiveness of time-stepping method.
In this paper the harmonic balance finite element method [5] (HBFEM) is introduced to solve the nonlinear magnetic field under DC bias conditions, considering coupling of electric circuits and magnetic fields. Due to the DC bias, zero order, odd order and even order harmonic components constitute the excitation current in transformer windings. All harmonic components of current and vector potential can be solved directly in the harmonic domain by the HBFEM approach. HBFEM can be an effective method of analysing the DC biased problem in transformers by comparing the calculated results with experimental data based on the Epstein Frame test.
II. HARMONIC BALANCE FINITE ELEMENT METHOD

A. Basic Formulation
The nonlinear magnetic field can be presented by the following equation,
A is magnetic vector potential, B represents flux density, v and σ are reluctivity and conductivity respectively, J is exciting current.
For two-dimensional problems in nonlinear magnetic fields, equation (2) can be written as,
It is assumed that the current flows in Z direction over an infinitely long distance. This means the electric scalar potential is constant, so the term including ϕ can be neglected in (2) . In light of Galerkin's method, the weighted residual is, ( ) 
where i N is the interpolation function for a linear triangular element.
In the DC biased phenomenon we focus on the time-periodic solutions. This is actually a harmonic problem when alternating current and direct current are applied together. According to Fourier transformation theory all variables such as vector potential A, flux density B, excitation current J and reluctivity v can be approximated as a triangle series based on the harmonic balance method.
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Coupling between electric circuits and the magnetic field When electrical devices are excited by voltage, such as transformers under DC bias, the excitation current is unknown and equation (1) is no longer applicable. In this case the coupling between the electric circuit and the magnetic field should be taken into account [6] .
According to Kirchhoff's law the applied voltage on the external port can be defined as follows,
V is the input voltage of circuit k, k V is the corresponding induced electromotive force, ck S and k Z are the cross areas and impedance of winding k respectively, k C and k L are the capacitance and inductance respectively in circuit k.
The induced electromotive force can be gained based on Faraday's law, [ ]
The expression of the impedance matrix is given by (10) and (11) respectively,
The system matrix equation (1) The new system matrix equation considering the applied voltage can be obtained by combining (7) with (11), 1 2
The vector potentials and current densities can be solved simultaneously by the above equation.
III. CALCULATION RESULTS AND FIELD ANALYSIS An Epstein
Frame-like core model made by the TianWei Group, Baoding, has been tested under different DC bias conditions. The excitation current without a DC bias is selected as the benchmark, which makes the flux density in silicon steel reach rated value in operation of transformers. The peak value of the benchmark current 0 I is 1.68 ampere.
A. Excitation Current
The DC bias is applied in incremental proportions of the benchmark current: 25%, 50%, 75% and 100%. Figures 1-4 compare calculated values with experimental data. Unlike the Fourier transforming process in the time-stepping solution, all harmonic components in the magnetizing current can be obtained directly from the solved current density.
The histogram in Fig.5 shows the contribution of different harmonic components in the excitation current under different DC biases. There is consistency in the computation and measurement results obtained from the magnetizing current waveforms. This proves the effectiveness of the harmonic balance finite element method in solving the DC biased problem in transformers.
The excitation current includes odd harmonics when the transformer operates without DC bias. However, even components will appear because the direct current invades the transformer windings. The DC bias results in serious magnetic saturation and half-cycle saturation of the magnetizing current. Therefore, the relationship between DC bias and other harmonic components should be considered by using harmonic analysis. 5 shows that while the size of all harmonic components increases when additional DC bias is applied, the growth rate varies in different components. The growth tendency of each harmonic is shown in Fig.6 . The numbers 1, 2, 3, 4 in the horizontal coordinate represent different proportions (25%, 50%, 75%, 100%) of the DC bias benchmark respectively. It is obvious that the fundamental and second harmonic components increase near-linearly, while higher order harmonics (such as the third and fourth) grow faster rather than linearly. Higher order components grow faster than lower order components.
C. Flux Distribution
The magnetic induction in each element is represented in the form of a harmonic component in equation (1) . It can be calculated directly from the field equation (12), so the flux distribution in the steel region can be given directly from the solution. IV. CONCLUSIONS The HBFEM has been introduced to solve the DC biased problems in transformers. It is proven to be an effective and efficient approach to the analysis of steady-state nonlinear magnetic fields in the harmonic domain. Harmonic analysis of magnetizing current and magnetic field is presented. The effectiveness of the HBFEM for the DC biased problem is indicated in the consistency between the calculated and experimental results.
